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INTRODUCTION 
We describe a new NDE imaging technique based on eddy current 
detection of thermal waves. NDE applications of thermal-wave imaging 
techniques using detection by photoacoustic, piezoelectric, radiometric, 
and optical beam deflection methods are well known [1,2]. Saniie and 
Luukkala [3] previously reported generating thermal waves in metals with 
eddy currents, but we believe this is the first instance of detecting 
thermal waves with an eddy current probe. Since the method depends on 
detecting photothermally induced changes in the inductance of an eddy 
current coil, we have coined the term "photoinductive imaging" to 
describe this new technique. 
The experimental arrangement we used for carrying out photoinduc-
tive imaging is shown in Fig. 1. Thermal waves were generated in metal 
foils by focusing a modulated laser beam on one side of the foil, 
causing localized temperature-induced fluctuations in the specimen's 
conductivity. These were synchronously detected with an eddy current 
probe placed on the opposite side of the foil. Both the thermal diffu-
sion length and the electromagnetic skin depth were large compared to 
foil thickness. A theory describing the interaction of thermal waves 
and eddy currents in thin foil specimens has been developed that shows 
qualitative agreement with experiment. We demonstrated the ability to 
form photoinductive images of thermally absorbing features on an alumi-
num foil by raster scanning the laser beam across black marks on the 
foil. We also demonstrated the capability to image a small hole in the 
foil . By combining two sensing modes in a single probe, photoinductive 
imaging offers a technique with unique advantages: eddy current signals 
with excellent spatial resolution, thermal wave signals using simple, 
noncontact detectors, and the ability to combine the two signals to 
improve detectability of flaws such as surface-smeared cracks. 
THEORY 
The photoinductive method combines two underlying physical pro-
cesses, thermal diffusion and eddy current induction, each of which will 
be described briefly. The problem we wish to consider, shown in Fig. 1, 
is to calculate the change in the impedance of a single-turn coil caused 
by thermally induced changes in the electrical conductivity of a thin 
metal foil located underneath the coil. It should be noted at the 
outset. that the present theoretical formulation is restricted to thin 
foils. 
It is well known that the thermal diffusion process is governed by 
the diffusion equation. Let T(~.t) be the temperature of a point~ 
[=(x.y)] on the foil at timet, relative to the environment temperature. 
Then, T satisfies the equation 
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[3T = s. ( l) 
Here, the first two terms constitute the usual diffusion equation except 
that 6{2) is the two-dimensional Laplacian. The [3T term is included to 
account for the heat emission from the foil to the environment, and sin 
the RHS describes the heat source. Suppose that the source sis a 
chopped laser beam with the chopping frequency w,.. It is practical to 
assume that all but the fundamental' mode e -•w,.• are filtered out in the 
measurement process. If so, then it is sufficient to solve, instead of 
Eq. ( 1) , 
(2) 
Metal Foil 
Fig . 1. Experimental arrangement for photoinductive imaging . An eddy 
current coil is located on one side of a metal foil. A modu-
lated laser beam is incident on the foil from the opposite 
side. Scanning the laser beam over the foil produces images of 
flaws or any material property variations that produce thermal 
contrast. 
where k'•[3-iw,.a. When the foil has no hole, and when sis assumed t o 
be point-like, i .e . 
Eq. (2) can be solved immediately as 
where G is the two-dimensiona l Green function written in terms of the 
Hankel function , 
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(3) 
(4) 
(S) 
Observe that G has a finite range li,., where 
(6) 
We therefore see that the laser beam induces a hot spot of a finite 
radius li,.. When li,. can be regarded as small compared with other dimen-
sions, Eq. (4) can be replaced by the simpler one, 
( 7 ) 
Among the parameters in (6), ~is apparatus dependent . In our 
apparatus, it is estimated to be negligibly small. For more detailed 
analyses, ~must be determined experimentally. 
When the sample foil has a hole, a similar Green function method 
leads us to a boundary integral equation which must be solved somehow. 
When the hole is large compared with li,., one can use the local distribu-
tion (4) [or even (7)] as an approximate solution. We use Eq. (4) in 
our numerical analysis. 
The temperature distribution T thus obtained results in a fluctua-
tion ~a in the electric al conductivity a via the relation 
t.a = (cialdT) T, (8) 
where (dcr/ciT) is the thermal gradient of a. The fundamental observation 
is that this t.a can be measured by eddy-current methods. 
In general, when a position dependent a(x) and a current distribu-
tion J(x) with a frequency uu are given, the electric fields E satisfy 
(9) 
if E and J-l remain constant. One can always convert (9 ) into the inte-
gral equation 
( l 0 ) 
using the Green function 
G,i = ( l l ) 
and 
(0) f 3 - - -E, = zwp 0 cl ' x ' G,,(x-.x ' )j 1(x ' ), ( l 2 ) 
A formal solution t o Eq. (11) can be given by iteration, 
( 13) 
Using (13) in the impedance change ~Z caused by a, we find tha t 
t.Z - ( l I) 
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where I is the total current. Usually , formal expressions such as (13) 
and (14) are of little practical use. In our problem, however, (14) is 
useful because ~Z can be given approximately by the first term of the 
expansion. Because a exists only inside the thin foil , the shielding 
effect due to a is very weak, and hence the higher order terms in the 
expansion are negligible. Actually, further simplification can be made 
because the derivative terms in (11) can be dropped when diu]=O, and 
because e'w''' can be set equal to one in the long-wavelength approxima-
tion. When] is a single-turn, circular coil parallel to the foil, we 
obtain the expression for ~z. 
( waJt 0 )
2 da 12 " J 2 cos(0-0") ~Z = - -- · - · u · dOdO" d x ' __ T( x'), 
4n dT o RR -
(lS) 
where 
R (acosO.a sin O, h)-(x ' ,y' , O) , R " (0-40"), ( 16) 
and where a. h, and 11 are the radius of the coil, the distance between 
the coil and the foil, and the foil thickness, respectively . Numerical 
results obtained by evaluating Eq. (15) are given below . 
EXPERIMENT 
A schematic diagram of the apparatus is shown in Fig. 2 . A commer-
cial eddy current probe was located on one side of a metal foil. A 
modulated argon-ion laser, with a nominal power of 0.5 W, was focused on 
the opposite side of the foil. A variable-frequency mechanical choppe r 
was used to modulate the laser, but a low-pass filter at the output of 
the eddyscope limited measurements to frequencies below its 100-Hz cut-
off. The eddy current probe and specimen were translated relative to 
the laser beam with a computer-controlled x -y translator ; lvdt sensors 
provided a position signal for t he horizontal axes of a pair of x-y 
recorders. The analog output of a commercial eddyscope, consisting of 
the filtered and amplified output of the null detector of an ac bridge, 
was fed to a two -phase lock-in amplifier synchronized to the chopper. 
The magnitude and phase outputs of the lock-in were monitored with two 
voltmeters, whose analog output s i gnals were summed with an l vdt signa l 
and fed to the vertica l channels of the x-y recorders to produce images. 
The signal represents the modulation of the impedance of the eddy cur-
rent probe (on the order of 10-100 11D) that is synchronous with the 
chopped laser. We postulate that this signal is caused by the thermally 
induced change in the specimen's electrical conductivity tha t occurs 
within the vo lume of the specimen heated by the laser beam. 
Examples of the images that can be produced are shown in Fig . 3. 
Here we show the raster-scanned magnitude and phase images of two black 
stripes drawn with ink on an aluminum foil specimen 17 ~~ thick . A 
photographic image of the two stripes is shown for comparison. Notice 
that the streaks visible in the photographic image are reproduced in the 
magnitude image, giving some indication of the spatial resolution that 
can be obtained with this technique. Information is lacking in t h e 
phase image, only reflecting lower noise when the laser was on the black 
mark, which is consistent with an optically thick but thermally thin 
target like these ink marks . The chopper frequency was 13 Hz and the 
eddy current frequency was 100kHz. At these frequencies, o = 2SO J~ and 
b,h = J .8 mm, both much greate r than the foil thickness. 
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Fig . 2. Schematic diagram of the experimental apparatus. 
Fig . 3 . Magni tude (left), phase (center), and photographic (right) 
images of black stripes on aluminum f oil. The l ength of t he 
black bar in the photograph is l mm. The lock-in amplifier 
sensitivity was 6 mV with a time constant of 125 ms. 
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RESULTS AND DISCUSSION 
To compare experiment with predictions of the theory described 
above, we obtained images by scanning a blackened aluminum foil mounted 
on an eddy current probe relative to the fixed laser focal spot. As 
before, the foil was 17 ~~ thick; the laser chopping frequency was 13 Hz 
and the eddy current coil was operated at 100 kHz. The resulting magni-
tude image is shown in Fig. 4. The image represents the distribution of 
eddy currents in the foil, since the absorption of laser energy is 
relatively constant over the surface of the foil by virtue of the black 
coating of ink. Numerical results obtained by using Eq. (15) to calcu-
late 6Z(x,y) for a single-turn coil over a thin foil scanned by the 
chopped laser beam are also shown in Fig. 4. The numerical results are 
scaled to approximately the same size as the experimental coil. It is 
evident that the theoretical results are very similar to the experimen-
tal images. This qualitative agreement provides support for the postu-
lated mechanism of thermally induced changes in conductivity. 
To demonstrate the potential of the photoinductive technique for 
imaging flaws, numerical calculations were performed to simulate the 
image that would be formed by scanning the laser over a foil with a 
small hole. These results are shown in Fig. 5. Experimental single-
line scans of the laser across a foil with and without a pinhole approx-
imately 0.5 mm in diameter are shown in Fig. 6. In the scan over the 
hole, the structure in the signal at the edges of the hole is probably 
caused by scratches in the ink coating from the needle that was used to 
make the hole. A cross-section through the numerical results shows a 
similar shape to the experimental scan; particularly in the sharp defi-
nition of the hole's edges . This high resolution is one of the most 
interesting features of this technique: it provides much better 
resolution than could be obtained with the eddy current probe alone . In 
eddy current imaging, the resolution is dominated by the size of the 
probe (here, about 3.5 mm in diameter) . In photoinductive imaging, the 
resolution is governed by the size of the thermal spot or, as in this 
case, by the diameter of the laser focal spot. 
Fig. 4. (Left) Image obtained by scanning laser over stationary foil 
mounted on eddy current probe. The aluminum foil was painted 
black for uniform absorption. The image is 7.5 mm wide. 
(Right) Numerical calculation of photoinductive signal produced 
by scanning laser over a thin foil while sensing with a single-
turn coil. 
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Fig. 5. Calculated photoinductive image of a foil with a hole directly 
under the single-turn coil . 
I,. ~ I 
lmm 
~ 0 .5 mm diameter hole 
Fig. 6. Experimental line-scans of an aluminum foil specimen mounted on 
eddy current probe. (a) blackened foil without damage ; (b) 
same foil with a 0.5-mm pinhole. 
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CONCLUSIONS 
We have described a new NDE imaging technique, photoinductive imag-
ing, based on eddy current detection of thermal waves. We have devel-
oped a theory of the effect applicable to thin foils with thickness much 
less than either thermal diffusion length or electromagnetic skin depth. 
This two-dimensional theoretical model, based on the change in specimen 
conductivity caused by thermal waves, agrees qualitatively with exper -
imental measurements. Images obtained of black lines on aluminum foil 
suggest that resolution on the order of the laser focal spot size is 
attainable. Although applicable only to conductors, we feel that this 
method can be extended to large, thick specimens and need not be limited 
to foils. Signal strengths on the order of 1 to 10 mV rms referred to 
the input of the lock-in amplifier were obtained with a commercial eddy -
scope and eddy current probes. Signal-to-noise ratios were about 10 dB. 
Development of optimized probes and electronics is expected to yield 
improvements of an order of magnitude in sensitivity and signal - to-noise 
ratios, permitting images to be obtained in thick specimens with surface 
flaws. 
Photoinductive imaging is a unique dual-mode NDE technique in that 
it combines two complementary methods : eddy currents and thermal waves. 
It provides two penetration depths that may be independently adjusted to 
infer the depth of near-surface flaws . In principle, both eddy current 
and photoinductive signals can be obtained from a sin~le probe. The 
photoinductive method is capable of achieving resolutlons comparable to 
the laser foca l spot size, which could prov ide orders-of-magnitude 
improvement in resolution compar ed to t ypical eddy current probes. One 
NDE problem to which photoinductive imaging may be applicab l e is surface 
fatigue cracks that have been smeared over by mechanical surface treat-
ments; such surface smearing can reduce the magnitude of an eddy current 
probe's signal, but presumably the photoinductive signal would be 
enhanced by the lower thermal diffusivity of the thin layer over the 
crack . Special eddy current probes optimized for photoinductive detec-
tion are presently be ing developed and explora tion of the NDE applica-
tions of photoinductive imaging is underway . 
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